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METAL STENT WITH SURFACE LAYER OF 
NOBLE METAL OXIDE AND METHOD OF 

FABRICATION 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates generally to body 
implantable stents, deployed in a vessel, tract, channel or 
duct, such as a coronary artery or femoral artery of a patient 
to maintain its lumen open for satisfactory blood ?oW 
therethrough, and more particularly to methods of producing 
multi-layer stent structures in Which an oxide of a noble 
metal or alloy is bonded in a ?rm and stable relationship to 
an underlying non-noble or less-noble metal, and to such 
stent structures themselves. 

[0002] When inserted and deployed in a vessel, duct, 
channel or tract (referred to generally herein, for conve 
nience, as a vessel) of the body—for example, a coronary 
artery after dilatation of the artery by balloon angioplasty—a 
stent acts as a scaffold to maintain the vessel’s lumen open. 
The stent prosthesis is structured as an open-ended tubular 
element With through-holes in its sideWall to alloW expan 
sion of its diameter from a ?rst suf?ciently small siZe to 
permit navigation of the stent, mounted on a balloon cath 
eter, through the vessel to the target site Where it is to be 
deployed, to a second fully deployed sufficiently large siZe 
to engage the inner lining of the vessel’s Wall for retention 
at the target site. 

[0003] A coronary artery, for example, may become 
occluded from a buildup of fatty deposits or plaque on the 
inner lining of the vessel’s Wall. The artery blockage may be 
detected through an electrocardiogram performed during the 
individual’s visit to a doctor, or be so extreme as to result in 
angina or even myocardial infarction. Typically, the proce 
dure performed to relieve the blockage is balloon angio 
plasty, in Which a balloon catheter is inserted into the vessel 
until the balloon is at the target site as monitored under 
?uoroscopy, the balloon is in?ated to compress the fatty 
deposits against the inner lining of the vessel Wall to open 
the lumen, and the catheter is then WithdraWn from the 
patient. Other procedures may alternatively be performed 
for relieving the blockage, but for a relatively large percent 
age of angioplasty patients a neW blockage of the treated 
vessel typically occurs only a feW months later. The neW 
blockage is usually attributable to trauma to the vessel Wall 
that arises from the original angioplasty procedure, but the 
mechanism responsible for this restenosis or re-occlusion of 
the vessel lumen is intimal hyperplasia, a rapid proliferation 
of smooth muscle cells along the treated region of the vessel 
Wall, quite different from the causation of the original 
blockage. 

[0004] As noted above, it is customary to install a stent at 
the trauma site to maintain the vessel lumen open, often in 
a procedure accompanying or shortly after the angioplasty 
procedure. The stent is mounted in a crimped state on the 
balloon of a balloon catheter for advancement through the 
appropriate portion of the patient’s cardiovascular system to 
the target site, also under x-ray ?uoroscopy, Where the 
balloon is in?ated to deploy the stent by expansion of the 
stent diameter under the outWardly directed radial pressure 
exerted by the balloon. The outer surface of the stent is 
thereby forced into engagement With and exerts pressure on 
the inner lining of the vessel Wall. The stent structure has 
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suf?cient resilience to alloW some contraction of the diam 
eter of the stent under the force exerted on it by the natural 
recoil of the vessel Wall, but has suf?cient stiffness to largely 
Withstand the recoil and hold open the lumen of the vessel 
at the implant site. 

[0005] The presence of the stent in contact With the vessel 
Wall, hoWever, can promote hyperplasia and resulting rest 
enosis, and, along the stent’s inner surface, may promote 
thrombus formation With the perfusion of blood through the 
stent’s lumen. To avoid acute blockage of the vessel lumen 
oWing to these reactions in some patients, drug coated stents 
are being prescribed on an almost regular basis. The outer 
surface of the stent to be implanted may be coated With an 
antiproliferative or immunosuppressive agent, While the 
inner surface may be coated With an antithrombotic agent. 
Drug coated stents are considerably more expensive than 
uncoated stents, and may be unnecessary for a relatively 
large percentage of angioplasty patients in Which they are 
implanted, being prescribed solely to avoid the possibility of 
an undesirable reaction soon thereafter. 

[0006] On the other hand, the use of uncoated stents has its 
oWn set of problems even beyond possibly inducing a 
traumatic response along the vessel Wall or promoting 
thrombosis along the stent’s lumen. The material of Which 
the stent is composed can induce an allergic reaction in a 
statistically signi?cant percentage of the patient population. 
These include commonly used stent materials such as 
chrome, nickel, and even medical grade 316L stainless 
steel—Which contains about 16% nickel. Stent implants are 
contraindicated in many such allergic patients. Wholly bio 
degradable stents of possibly sufficient radial strength are 
undergoing testing but appear unlikely to constitute a break 
through or a satisfactory solution in these cases. 

[0007] Another consideration in material selection is the 
need for the implanting physician to be able to see the 
advancement and positioning of the stent as it is being 
implanted at the speci?ed target site in the body, typically by 
x-ray ?uoroscopy. The thickness of a metallic stent Wall is 
made suf?cient to Withstand the aforementioned vessel Wall 
recoil that invariably folloWs stent deployment and to hold 
the vessel lumen open. But it is also necessary that the 
calculation of stent Wall thickness take into account the 
dimension necessary to render the stent visible With ?uo 
roscopy, given the type of material of Which the stent is 
composed. Various materials, such as 316L stainless steel, 
possess suitable mechanical strength to maintain an open 
vessel lumen, With smaller Wall thickness than is required to 
provide ?uoroscopic visibility. Typical conventional stent 
Wall or Wire thicknesses have ranged up to about 200 
microns (or micrometers, pm). A 70 to 80 pm thick 316L 
steel stent, for example, offers suf?cient mechanical strength 
for the aforementioned purposes, but is too thin to create the 
shadoW needed for ?uoroscopic vieWing because the x-ray 
absorption of this metal is so loW. Increasing the Wall 
thickness of the stent to enhance its radiopacity makes the 
stent less ?exible, Which adversely affects its maneuverabil 
ity through narroW vessels during implantation, and its ease 
of expansion during deployment, With concomitant 
increased risk of balloon rupture. 

[0008] It folloWs that for successful interventional use, the 
stent should possess characteristics of relatively non-aller 
genic reaction, good radiopacity, freedom from distortion on 
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magnetic resonance imaging (MRI), ?exibility With suitable 
elasticity to be plastically deformable, resistance to vessel 
recoil, suf?cient thinness to minimiZe obstruction to ?oW of 
blood (or other ?uid or material in vessels that require 
stenting other than the cardiovascular system), and biocom 
patibility to avoid vessel re-occlusion. Stent material, as Well 
as stent design, plays a role in achieving these characteris 
tics. 

[0009] Aside from vascular usage, other vessels of the 
human body in Which a stent might be installed to maintain 
an open lumen include the tracheo-bronchial system, the 
biliary hepatic system, the esophageal boWel system, and the 
urinary tract, to name a feW. Many of the same requirements 
are found in these other endoluminal usages of stents. 

[0010] Despite improvements in the design, construction 
and coating of coronary stents, restenosis remains a prob 
lem. A major contributing factor is the inability of the body 
to quickly incorporate the implanted foreign material of the 
stent. Basic research With cell cultures, as Well as animal 
experiments, demonstrate that the degree of endothelialiZa 
tion of the foreign body is a determinant of the amount of the 
restenosis caused by the presence of that body. It had been 
assumed by industry practitioners and researchers that a 
highly polished and smooth surface is bene?cial to prevent 
stent thrombosis and to facilitate endothelialiZation, but 
more recent experiments indicate this may not be entirely 
true. 

[0011] A main reason for the lack of suf?cient clinical 
success rate With electropolished stents is that the smooth 
muscle cells that seek to envelop a foreign body must 
undergo greater proliferation to cover the polished stent. The 
continuing ?oW of blood With high pressure and high 
shearing stress prevents the migration of smooth muscle 
cells that proliferate from the media and adventitial cells of 
a stented vessel such as a coronary artery. Indeed, a slightly 
rough surface appears to facilitate considerably more cov 
erage by smooth muscle cells, Which leads to a functional 
endothelial layer some 10 to 14 days after stent implantation. 
Asingle layer of endothelial cells has been found to seal the 
neointima, and thereby to prevent the stimulus that facili 
tates proliferation of cells beyond mere coverage of the 
foreign body. 

[0012] As is intuitively obvious, the thinner the stent strut, 
the less Wall thickness of the stent invades the lumen of the 
stented vessel. And a thin stent is more easily covered by a 
neoendothelial build-up. Accordingly, it is desirable to make 
the stent Wall as thin as possible. But, again, ?uoroscopic 
visibility of the structure has a role in determining its 
thickness for a given material. 

[0013] Some improvement in visibility is achieved by 
application of an adherent, more radiopaque layer to the 
surface of a stent core material of medical grade implantable 
316L stainless steel. These radiopaque layer materials 
include gold and certain other noble metals, such as plati 
num. Their considerably greater radiopacity relative to stain 
less steel renders the stent highly visible under ?uoroscopy. 
The materials are also substantially non-allergenic and non 
thrombogenic. The coating may be applied in a very thin 
layer, leaving the determinant of stent Wall thickness almost 
solely the requirement of mechanical strength. The coating 
must be capable of absolute adherence to the underlying 
metal of the stent to avoid cracking or defects in the 
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homogeneous overlying layer, and suf?cient resistance to 
peeling or ?aking of the coating material both during 
insertion of the stent, expansion of the diameter of the stent 
as it is being deployed in ?nal position, and throughout the 
entire time the stent remains in that position—objectives 
Which are not easily achievable. The presence of cracks or 
related defects in the surface coating can produce a galvanic 
potential that could ultimately lead to corrosion of the 
underlying steel or lesser metal, an unacceptable situation 
for a device intended to be permanently implanted in the 
body. Therefore, manufacturing requires a high degree of 
quality control and concomitant high cost. 

[0014] US. Pat. No. 6,099,561, of the same assignee, 
discloses a stent structure With three fundamental layers, a 
?rst underlying substrate of a stent metal that functions to 
provide high mechanical strength, a second intermediate 
layer that functions to provide high ?uoroscopic visibility— 
such as a noble metal layer or alloy thereof—, and a top 
layer of a particularly bene?cial biocompatible material— 
designated to be a ceramic-like material such as iridium 
oxide or titanium nitride. The intermediate layer of elemen 
tal noble metal or an alloy thereof is uninterrupted by gaps 
or pockets along its length, and is highly adherent for tight 
coverage and substantially uniform thickness. This interme 
diate layer tends to avoid the creation of a galvanic potential 
that Would lead to corrosion of the lesser, underlying metal. 
Such a condition might otherWise exist if, Without the 
presence of an intermediate uninterrupted noble metal layer, 
a layer of ceramic-like metal Were to overlie and adhere to 
the base metal at points Where ?ssures could exist. The 
multi-layer stent of the ’561 patent exhibits mechanical 
strength, small physical dimensions, increased visibility, 
long-term stability, and a highly biocompatible surface that 
enables rapid endothelialiZation With loW occurrence of 
restenosis. But it is expensive to produce. 

[0015] US. Pat. No. 6,387,121, of the same assignee as 
the present application, discloses a multi-layer stent With a 
thin, continuous intermediate layer of metal or alloy of 
niobium, Zirconium, titanium or tantalum overlying the 
surface of the stent’s tubular metal base, and an outer layer 
of iridium oxide overlying the intermediate layer With 
interstices for storing and dispensing (eluting) drugs. 

[0016] US. Pat. No. 6,478,815, also assigned to the same 
assignee as this application, discloses a stent composed of 
niobium With a trace of another metal, such as Zirconium, 
titanium or tantalum for alloy formation and reinforcement. 
Also, a surface coating of iridium oxide or titanium nitrate 
may be applied to the niobium structure to aid in inhibiting 
vessel closure, as With the previous patent disclosures men 
tioned herein. This stent is bene?cial, enjoying many of the 
advantages that have been sought as discussed above, With 
only tWo layers in the stent structure. 

[0017] A stability problem may be encountered in the 
bond betWeen the noble metal oxide layer, such as iridium 
oxide, and a non-noble or less-noble metal, alloy or com 
pound, such as niobium or platinum enriched medical grade 
stainless steel. During the bonding process the less noble 
metal tends to draW or leach oxygen atoms from the noble 
metal, Which causes depletion of oxygen from the latter 
metal. The result can be a less stable, less satisfactory bond 
or adhesion betWeen the tWo layers. In addition, in the case 
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of an iridium oxide layer as the noble metal oxide, the 
oxygen depletion leaves that layer less effective as a stenosis 
or restenosis inhibitor. 

SUMMARY OF THE INVENTION 

[0018] Therefore, it is a principal goal of the present 
invention to provide a body-implantable stent, and method 
of production thereof, in Which a noble metal oxide surface 
coating on a stent having either a non-noble or a less-noble 
(than the surface coating) metal or alloy substrate or core 
maintains desired characteristics and has an improved bond 
to the underlying substrate. 

[0019] According to the invention, in a process for pro 
ducing a stent having multiple layers, a tubular substrate or 
core of the stent is composed of a less-noble or non-noble 
metal or alloy, such as niobium or platinum-enriched medi 
cal grade stainless steel; an interface region is formed at a 
surface of the substrate or the confronting surface of the 
layer of iridium oxide to be deposited thereon, the interface 
region having characteristics preselected to prevent corro 
sion and to provide a ?rm bond betWeen the surface of the 
substrate and the noble metal oxide layer When deposited 
thereon, and the noble metal oxide layer is then deposited on 
the surface of the substrate at the location Where the inter 
face region is formed. 

[0020] In an exemplary process for producing a biocom 
patible stent based on that concept, a tubular substrate 
adapted for diametric expansion, a layer of a noble metal 
oxide is formed over at least the outer surface of greater 
diameter of the substrate, the substrate being composed of a 
metal or an alloy thereof that is non-noble or less-noble than 
the noble metal, and at least partly establishing an interface 
region adapted to prevent corrosion and to provide a ?rm 
bond betWeen the surface of the substrate and the noble 
metal oxide layer by forming the noble metal oxide layer 
With a progressively varying concentration of noble metal 
to-oxide With depth of said layer such that a surface of pure 
noble metal and negligible oxide of said layer is in closest 
proximity to the surface of the substrate. 

[0021] In one embodiment or technique, the process may 
include establishing the interface region solely by forming 
the noble metal oxide layer With the surface of pure noble 
metal and negligible oxide thereof in direct contact With the 
metal or alloy of the surface of the substrate. In another, the 
process may include establishing the interface region by ?rst 
creating an oxide of the metal or alloy thereof at the surface 
of the substrate to a thickness in a range from approximately 
1 nm to approximately 500 nm, and then forming the noble 
metal oxide layer With the surface of pure noble metal and 
negligible oxide thereof overlying the oxide of the metal or 
alloy thereof at the surface of the substrate. In still another, 
the process may include establishing the interface region by 
?rst creating either a nitric oxide or nitride of the metal or 
alloy thereof at the surface of the substrate to a thickness in 
a range from approximately 1 nm to approximately 500 nm, 
and then forming the noble metal oxide layer With the 
surface of pure noble metal and negligible oxide thereof 
overlying the nitric oxide or nitride of the metal or alloy 
thereof at the surface of the substrate. And in yet another 
embodiment or technique, the process may include estab 
lishing the interface region by ?rst creating an intermediate 
layer of either a nitric oxide or nitride of the noble metal to 
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a thickness in a range from approximately 1 nm to approxi 
mately 500 nm overlying the surface of the substrate, and 
then forming the noble metal oxide layer With the surface of 
pure noble metal and negligible oxide thereof atop the 
intermediate layer. 

[0022] Alternatively, the process may simply involve 
forming a noble metal oxide layer overlying and in direct 
contact With an oxide of the substrate metal or alloy thereof, 
Without any progressively varying concentration of noble 
metal-to-oxide in the noble metal oxide layer. For example, 
an iridium oxide layer is applied onto an underlying sub 
strate metal of non- or less-noble characteristic (for example, 
the aforementioned niobium or alloy thereof such as With an 

added trace of Zirconium, titanium or tantalum, or the 
aforementioned platinum-enriched medical grade stainless 
steel) that has been oxidiZed in at least a surface region 
intended to receive the iridium oxide layer, for stable, 
non-corrosive bonding of the tWo. The desired oxidation of 
the less noble metal (or alloy thereof) can be achieved by 
heating in an oxygen-rich environment, reverse electropol 
ishing, or any other conventional method. Forming the noble 
metal oxide layer in a desired thickness on the exposed 
surface(s) of the stent may then be accomplished by any 
conventional technique, such as by physical vapor deposi 
tion, or by chemical Wet processing, so as to produce the 
desired ?rm bond betWeen the oxide layer and the underly 
ing less noble metal or alloy by virtue of the presence of the 
oxide region in the latter (e.g., niobium oxide). 

[0023] Oxidation of the less noble metal should be at least 
along the exposed surface region of the non- or less-noble 
metal substrate of the stent, if not throughout the thickness 
of the substrate. The existence of niobium oxide in a 
primarily niobium substrate, for example, inhibits leaching 
of oxygen from the overlying iridium oxide, and hence, 
maintains the desired characteristics of the iridium oxide 
layer for its essential purpose of biocompatibility and avoid 
ance of irritation and consequent stenotic reaction of body 
tissue (such as the inner lining of an artery Wall) With Which 
that layer is in contact When the stent is implanted. 

[0024] Acoated stent according to the invention comprises 
a metallic substrate; and a coating of an oxide of noble metal 
overlying a surface region of the substrate. The surface 
region is one of a substantially pure metal of lesser 
standing in the periodic table of elements than the noble 
metal, (ii) an alloy, oxide, nitride, or nitric oxide of the lesser 
metal, and (iii) a nitride or nitric oxide of the noble metal. 
The noble metal oxide coating progressively varies With 
thickness commencing at the surface region of the substrate, 
from a concentration of the noble metal of substantially 
100% purity With negligible amount of oxide and other 
constituents, and ending at an opposite surface of the coating 
With a concentration of the noble metal oxide of stoichio 
metric equilibrium. 

[0025] Another embodiment a multi-layer stent of the 
invention includes a tubular substrate composed primarily of 
a metal or alloy having the properties discussed above; an 
interface region at a surface of the substrate having charac 
teristics to inhibit corrosion and establish a ?rm bond 
betWeen the surface of the substrate and a noble metal oxide 
layer to be formed thereon; and the noble metal oxide layer 
coated on the interface region of the surface of the substrate. 
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BRIEF DESCRIPTION OF THE DRAWING 

[0026] The above and other aims, goals, objectives, fea 
tures, aspects and attendant advantages of the present inven 
tion Will become apparent to those skilled in the art from a 
consideration of the following detailed description of a best 
mode presently contemplated of practicing the invention by 
reference to certain preferred exemplary embodiments and 
methods of manufacture thereof, taken in conjunction With 
the accompanying draWing, in Which: 

[0027] FIG. 1 is a side perspective vieW of an exemplary 
embodiment of a stent structure for use With the invention 
(in Which the far side of the structure is not shoWn through 
openings on the near side, for the sake of simplicity and 
clarity); 
[0028] FIG. 2 is an enlarged partial cross-sectional vieW 
through the lines 2-2 of the exemplary embodiment of FIG. 
1, With greatly exaggerated layer thicknesses; 

[0029] FIGS. 3, 4 and 5 are still further enlarged partial 
cross-sectional vieWs through the stent’s substrate surface 
region, interface region and overlying noble metal oxide 
layer of three exemplary embodiments, With greatly mag 
ni?ed layer thicknesses, and in Which the noble metal oxide 
layer is depicted as a diagram of noble metal concentration 
versus depth (or thickness) of the layer. 

DETAILED DESCRIPTION OF BEST MODE OF 
PRACTICING THE INVENTION 

[0030] It is to be understood that none of the draWing 
?gures is intended to be a representation to scale of the 
respective depicted embodiment. 

[0031] FIG. 1 is a perspective vieW of a stent 10 of holloW 
tubular self-supporting structure, With a substrate or core 
composed preferably of niobium With a trace of 
Zirconium (Zr), titanium (Ti) or tantalum (Ta), for example, 
preferably Zirconium, the trace amount preferably being 
betWeen approximately 1% and approximately 5%, and 
most preferably being about 2%, and remainder niobium. 
The added trace metal improves physical characteristics 
including strength of the stent for its intended function. 
Typically, the niobium stent material includes negligible 
amounts of tantalum (Ta, about 180 micrograms per gram 
(,ug/g)), iron (Fe, <20 pig/g), silicon (Si, about<20 pig/g), 
tungsten (W, <20 pig/g), molybdenum (Mo, <20 pig/g), 
hafnium (Hf, <20 pig/g), carbon (C, about 7 pig/g), and 
nitrogen (N, about 53 pig/g), as Well as amounts of hydrogen 
(H) and oxygen (O) primarily introduced during the pro 
cessing. Alternatively, a stent substrate suitable for the 
present invention may be platinum-enriched (e.g., 20-30%) 
316L medical grade stainless steel. 

[0032] For a niobium stent substrate, the presently pre 
ferred process of fabricating the stent is performed in the 
folloWing sequence of steps: (1) tube processing from 
Nb-1%Zr ingots; (2) laser cutting of tube; (3) mechanical 
and chemical ?nishing; (4) electropolishing; (5) vacuum 
annealing; and (6) anodiZing or sputtering With a surface 
coating of iridium oxide. 

[0033] In the laser cutting process, the tubular stent mem 
ber is provided With a multiplicity of through-holes or 
openings 12 through sideWall 15, de?ned and bounded by a 
plurality of struts or links 13, Which enables expansion of the 
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stent diameter When the device is to be deployed at a target 
site in a vessel, channel, duct or tract (collectively, vessel) of 
the human body. Precise cutting of openings 12 to form a 
latticeWork sideWall is achieved using a conventional laser 
With narroW beam folloWing a programmable pattern. 

[0034] The exemplary type of structure shoWn in FIG. 1 
is described in detail in patent US. Pat. No. 6,398,805 of the 
same assignee. This con?guration provides a relatively very 
loW coef?cient of friction of the outer surface 17, for easier 
advancement of stent 10 in the vessel to a target site for 
deployment. The latticeWork sideWall 15 has a pattern of 
interconnected struts 13 optimiZed for orientation predomi 
nantly parallel to the longitudinal axis 16 of the tube 11. 
Substantially none of the struts are oriented perpendicular 
(i.e., transverse) to the axis 16. Thus, no strut interconnect 
ing any other struts in the latticeWork is oriented to lie 
completely in a plane transverse to the longitudinal axis, 
Without running from one end of the stent to the opposite 
end. The netWork or latticeWork of struts 13 de?nes a series 
of longitudinally repeating circumferential roWs 20 of open 
ings 12, With each opening bounded by alternating links in 
Wavelets of higher and loWer crests (or shalloWer and deeper 
troughs, if FIG. 1 is rotated 180°) in successive roWs of each 
circumferential column displaced along the length of the 
cylindrical element. 

[0035] Each pair of struts such as 21, 22 bounding an 
opening 12 in any given roW 25 have the shape of circum 
ferentially displaced Wavelets With adjacent circumferen 
tially aligned higher and loWer crests 26, 27, respectively, in 
Which the Wavelets intersect (30) one another at one or both 
sides of the crests (30, 31). The intersection 30 of struts (or 
Wavelets) at one side of the adjacent circumferentially 
aligned crests 26, 27 of roW 25 is tangential to a crest 33 of 
the immediately adjacent roW 35, and the intersection 31 of 
struts (or Wavelets) at the other side of those crests is 
tangential to a crest 37 of the immediately adjacent roW 38. 
Interconnecting points such as 40 betWeen the struts may be 
notched to enhance symmetrical radial expansion of the 
stent during deployment thereof. 

[0036] When the stent 10 is crimped onto a small diameter 
(loW pro?le) delivery balloon (not shoWn), the adjacent 
circumferentially aligned crests of each roW move closer 
together, and these portions tend toWard ?tting into each 
other, as the pattern formed by the latticeWork of struts 
alloWs substantial nesting together of the crests and boWs, 
Which assures a relatively small circumference of the stent 
in the crimped condition. Such a stent is highly ?exible, and 
is capable of undergoing bending to a small radius corre 
sponding to radii of particularly tortuous coronary arteries 
encountered in some individuals, With circumferentially 
adjacent struts along the inner portion of the bend moving 
closer together While those along the outer portion of the 
bend spread further apart, Without permanent plastic defor 
mation. 

[0037] As the stent 10 is partially opened by in?ation of 
the balloon during deployment, the adjacent crests begin to 
separate and the angle of division betWeen struts begins to 
open. When the stent is fully expanded to its deployed 
diameter, the latticeWork of struts takes on a shape in Which 
adjacent crests undergo Wide separation, and portions of the 
struts take on a transverse, almost fully lateral orientation 
relative to the longitudinal axis of the stent. Such lateral 
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orientation of a plurality of the struts enables each fully 
opened cell to contribute to the ?rm mechanical support of 
a scaffold provided by the stent When in its fully deployed 
condition. This assures a rigid structure Which is highly 
resistant to recoil of the vessel Wall following stent deploy 
ment. The particular con?guration of the stent structure 
shoWn in FIG. 1, While highly desirable, is illustrative only. 

[0038] The stent may be pre-opened after fabrication to 
relieve stresses. Pre-opening produces a stent inner diameter 
that alloWs the stent to slide comfortably over the unin?ated 
mounting balloon, for ease of crimping the stent onto the 
balloon. Annealing may be performed after pre-opening by 
heating the stent structure to an appropriate temperature for 
a predetermined interval of time. 

[0039] The presently preferred niobium/Zirconium mate 
rial of the stent is fabricated in any conventional manner for 
producing alloys, With the Zirconium amounting from 1% to 
5% by Weight, preferably about 2%, and the remainder 
niobium. For example, the manufacturing process may be 
performed by sintering particles or microspheres of the 
constituent metals under heat and pressure. Rather than 
Zirconium, a trace amount (e.g., one to three percent) of 
titanium or tantalum may be alloyed With niobium for added 
strength and other desirable physical characteristics. Other 
suitable alternative additive materials include those 
described in patents U.S. Pat. No. 5,472,794 and US. Pat. 
No. 5,679,815, for example. The alloy is then formed into 
tubing and the through holes are provided in its side Wall as 
described above. 

[0040] The stent structure can be produced With a Wall 
thickness of about 85 pm, Which offers suf?cient mechanical 
strength to resist the natural recoil of the blood vessel Wall 
folloWing deployment of the stent, as Well as excellent 
visibility under ?uoroscopy, but Which does not obstruct the 
vessel lumen to any signi?cant extent. This stent has little or 
no distortion in a process of magnetic resonance imaging 
(MRI), and is highly bene?cial for noninvasive monitoring 
of cerebral and peripheral vessels also. 

[0041] To enhance the biocompatibility and antiprolifera 
tive characteristics of the stent after implantation the sur 
faces may be coated With a 10 to 1000 nanometers (nm) 
thick layer of iridium oxide (sometimes referred to herein as 
IROX). This may be accomplished by any conventional 
process, such as physical vapor deposition (PVD). PVD 
encompasses a broad class of vacuum coating processes in 
Which material is physically removed from a source by 
evaporation or sputtering or laser-induced sputtering, trans 
ported through a vacuum or partial vacuum by the energy of 
the vapor particles themselves or enhanced in an electric 
?eld, and condensed as a ?lm on the surfaces of appropri 
ately placed parts or substrates. Chemical compounds are 
deposited by either using a similar source material, or by 
introducing a reactive gas (nitrogen, oxygen, or simple 
hydrocarbons) containing the desired reactants, Which react 
With metal(s) from the PVD source. In general, all PVD 
processes can be separated into three distinct phases, 
namely, (a) emission from a vapor source (target); (b) vapor 
transport in vacuum; and (c) condensation on substrates to 
be coated. 

[0042] The easiest substrates to coat are those that are 
electrically conductive and remain stable (minimum outgas 
sing or decomposition of bulk material) at elevated tem 
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peratures. With metal substrates, certain materials, surface 
conditions, and assembling techniques must be avoided to 
achieve good adhesion and ?lm properties. For example, 
certain metallic alloys create problems during coating if the 
temperature exceeds a predetermined temperature (e.g., 
390° F., equivalent to 200° C.) because of their high vapor 
pressures. Porous metals are generally difficult to coat 
because oils and contaminants remain entrapped in the 
pores. Burrs must be removed from the substrate before 
coating to prevent exposure of uncoated metal When the 
burrs are later removed. Although some materials and 
assembly methods are undesirable for PVD coatings, many 
of the problems described above can be overcome by 
thorough cleaning and by appropriate adjustment of oper 
ating parameters. HoWever, since stents are basically tubes 
With holes and slots, their con?guration makes vapor depo 
sition on the inner surfaces dif?cult. 

[0043] Process conditions for an exemplary embodiment 
or technique to deposit IROX on stents composed of Nb 
metal or Nb-based alloys, shoWn in FIG. 2, are as folloWs: 

[0044] 
[0045] b. The stent substrates are af?xed on small 

hooks, and undergo continuous movement similar to 
the satellite cog of an planetary gear. Because the 
iridium ion stream is one-dimensional, the planetary 
movement assures an IROX layer of homogeneous 
thickness and quality from the deposition process. 

[0046] 
[0047] d. The substrate is plasma etched, With prepa 

ration and minimal abrasion of the natural oxide 
layer on Nb alloys typically being a feW nanometers 
thick. 

[0048] e. 02 is introduced as reactive gas by keeping 
the stoichiometric ratio of the resulting IROX coat 
ing. 

a. The sputter target is iridium. 

c. The recipient is evacuated. 

[0049] f. Deposition is commenced by accelerating 
Ar ions onto the iridium target, and vaporiZation of 
Ir starts. 

[0050] g. Ir vapor moves toWard the plural stent 
substrates and becomes ioniZed. 

[0051] h. Shortly before reaching the substrate sur 
face Ir ions react With O2 to form IrO2 (hence, the 
name “reactive sputtering”). 

[0052] i. The kinetic energy of the ion stream makes 
the IrO2 deposition dense and adhere suf?ciently to 
the substrate surface. 

[0053] j. The process is completed When an IrO2 layer 
45 of desired thickness in a range betWeen about 10 
to about 1000 nanometers is deposited on the surface 
46 of substrate 47. 

[0054] The relative thicknesses of the layers are greatly 
exaggerated in FIG. 2, and the surfaces, particularly the 
exposed surface of IROX layer 45, are shoWn as being 
smooth merely for the sake of simplicity. 

[0055] Another process that may be used for forming an 
iridium oxide layer is conventional chemical deposition. 
Niobium and its alloys reduce IrO2 to Ir+metal-oxide 
because of their high af?nity to oxygen. This effect occurs 
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even during the deposition of IrO2 When the last coating step 
transforms the precipitation of Ir2O3 on the stent surface in 
Ir+IrO2 after a last baking step. In the reaction, then, only Ir 
is deposited on the surface of the Nb substrate, rather than 
IrO2, as the less-noble metal, Nb, becomes oxidiZed on its 
surface beneath the Ir coating. 

[0056] To avoid reducing Ir2O3 to Ir+metal oxide, any of 
the following procedures may be employed: (1) the surface 
of the less-noble metal may be protected With a Zone Where 
the affinity to oxygen is loW; or (2) an additional oxide layer 
may be produced by pre-anodiZing or -passivating the Nb 
substrate; or (3) using organic iridium compounds instead of 
a sonolysis method as described in either of publications DE 
19916315A1 (Germany) or WO99/52471 (WIPO); or (4) 
coating the non- or less-noble metal With a noble metal as 
described in either of the latter publications. 

[0057] Galvanic corrosion may be encountered When the 
coating material differs from the substrate material, and 
especially When noble and non- or less-noble metals are 
electrically connected by the relationship of coating over 
lying the substrate, and then used in electrolytes such as 
blood or Water. If the coating becomes cracked because of 
mechanical stress, the metallic ions can get in solution into 
the electrolyte and cause corrosion of the substrate With 
attendant Weakening of the bond With the coating. 

[0058] In the case of a substrate metal such as Nb or an 
alloy thereof and the deposited oxide of the noble element 
iridium, IrO2, a similar process may occur. In brief, the high 
affinity of non-noble or less-noble metals to oxygen may 
reduce IrO2 to Ir and oxygen in the interface area betWeen 
the substrate and the coating thereon as the latter is depos 
ited. This could possibly result in decreased adhesion over 
time, and lead to ?aking of the deposited IrO2 layer. 

[0059] FIGS. 3, 4 and 5 are additional enlarged partial 
cross-sectional vieWs through the stent’s substrate surface 
region, interface region and overlying noble metal oxide 
layer of three exemplary embodiments, With greatly mag 
ni?ed layer thicknesses, and in Which the noble metal oxide 
layer is depicted as a diagram of noble metal concentration 
versus depth (or thickness) of the layer. That is, the layer 
designated 45 is a graphical depiction of hoW the iridium (in 
this example) concentration in the IROX layer varies pro 
gressively With the depth of the layer. In the chart or graph, 
the vertical (y) axis represents percentage concentration of a 
constituent, and the horiZontal axis represents depth (or 
thickness) of the structural component (in this case, the 
IROX layer), i.e., reference number 51 indicates concentra 
tion of Ir along the coating or layer depth. It is not to be taken 
as indicating that the Width of the IROX layer undergoes a 
change With depth or thickness; rather, the Width remains 
constant. 

[0060] In each of FIGS. 3, 4 and 5 (and FIG. 2 as Well), 
the folloWing reference number indications apply: 45: IROX 
coating; 46: Ir layer:; 47: niobium substrate (non-noble 
or less-noble metal or alloy); 49: oxide of substrate 47; 50: 
stoichiometric equilibrium of IrO2; 51: concentration of Ir 
along coating depth; 52: concentration of O along coating 
depth; 53: layer of Nb nitric oxide or Ir nitric oxide or Nb 
nitride or Ir nitride. On the graphical portion of the chart 
shoWn in the Figures, 51 shoWs that the concentration of Ir 
diminishes progressively With distance from the surface of 
the non-noble or less-noble substrate 47, Which is in closest 

Jul. 31, 2003 

proximity to the maximum concentration of the Ir. It should 
be emphasiZed that reference number 50 is as stated above; 
it is not associated With a percentage concentration of any 
constituent of the layer on the y-axis. 

[0061] According to the invention, the problems resulting 
from an attempted adhesion or bonding of tWo metals of 
different nobleness can be avoided by special preparation of 
the substrate, by either of tWo distinct and different means or 
techniques, as folloWs: 

[0062] 1. The non- or less-noble substrate (niobium, 
alloyed With the trace of Zirconium or other metal as 
described above) is anodiZed before the noble metal 
oxide (e.g., IrO2) layer is deposited. This can be a 
galvanic process Where the substrate surface 
becomes oxidiZed and passivated, or the passivation 
is achieved by other means such as sputtering. An 
oxide surface region 49 of selected thickness in a 
range from about 1 to about 500 nanometers (nm) is 
formed on the substrate 47 by the anodiZing step, and 
this surface becomes the interface for the subse 
quently deposited IROX layer coating, to protect the 
substrate from direct contact With IrO2 (FIG. 4). 

[0063] 2. Alternatively, during the PVD process, a 
second preparation step (after plasma etching) is 
introduced, comprising a selected one of the folloW 
ing three alternatives: 

[0064] a. The partial pressure of the reactive gas 
oxygen is continuously increased from Zero to the 
pressure keeping the stoichiometric ratio of IrO2. 
The resulting IROX layer 45 progressively varies 
from virtually pure (substantially 100%) Ir on the 
substrate surface 46 to a greatest concentration of 
iridium oxide at the outer surface 50 of the coating. 
An interfacial reaction betWeen oxides of the non- or 
less-noble substrate metal (e.g., Nb2O5—niobium 
pentoxide) and of the noble iridium is not possible. 
This protects the interface area from corrosion as 

Well (FIG. 3). 
[0065] b. An interlayer of the substrate oxide (e.g., 
Nb2O5) is produced by using a double-target 
equipped PVD apparatus. One target is composed of 
the substrate material, and the other is composed of 
Ir. For coating a substrate oxide the process is similar 
to that run for IROX deposition, but using the target 
of substrate material. After achieving an oxide of 
selected thickness in a range from about 1 to about 
500 nanometers the targets are ?ipped, continuing 
With the IROX coating. 

[0066] c. Introducing nitrogen as a second reactive 
gas produces an interlayer of a very resistant com 
position of metal nitric oxides or an alloy of metal 
nitrite and metal oxide 53 (FIG. 5). This is possible 
as substrate metal nitric oxide or nitrite and oxide 
using double-target PVD (e.g., Nb nitric oxide) or as 
Ir nitric oxide or Ir nitrite and oxide Which is 
converted to IrO2 by folloWing the procedure 
described in 2a., immediately above The affinity of 
niobium or Nb-based alloys to nitrogen is loW, 
resulting in a more stable coating stack. 

[0067] Although a best mode of practicing the invention 
has been disclosed by reference to a preferred method and 
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embodiment, it Will be apparent to those skilled in the art 
from a consideration of the foregoing description that varia 
tions and modi?cations may be made Without departing 
from the spirit and scope of the invention. Accordingly, it is 
intended that the invention be limited only by the appended 
claims and the rules and principles of applicable laW. 

What is claimed is: 
1. In a process for producing a biocompatible stent, 

providing a tubular substrate adapted for diametric expan 
sion, forming a layer of a noble metal oxide over at least the 
outer surface of greater diameter of said substrate, said 
substrate being composed of a metal or an alloy thereof that 
is non-noble or less-noble than said noble metal, and at least 
partly establishing an interface region adapted to prevent 
corrosion and to provide a ?rm bond betWeen said surface of 
the substrate and said noble metal oxide layer by forming the 
noble metal oxide layer With a progressively varying con 
centration of noble metal-to-oxide With depth of said layer 
such that a surface of pure noble metal and negligible oxide 
of said layer is in closest proximity to said surface of the 
substrate. 

2. The process of claim 1, including establishing said 
interface region solely by forming said noble metal oxide 
layer With said surface of pure noble metal and negligible 
oxide thereof in direct contact With the metal or alloy of said 
surface of the substrate. 

3. The process of claim 1, including establishing said 
interface region by ?rst creating an oxide of the metal or 
alloy thereof at said surface of the substrate to a thickness in 
a range from approximately 1 nm to approximately 500 nm, 
and then forming said noble metal oxide layer With said 
surface of pure noble metal and negligible oxide thereof 
overlying said oxide of the metal or alloy thereof at said 
surface of the substrate. 

4. The process of claim 3, including creating said oxide of 
the metal or alloy thereof at said surface of the substrate by 
oxidiZing a surface region to a depth in a range from 
approximately 1 nm to approximately 500 nm from said 
surface of the substrate, and then forming said noble metal 
oxide layer With said surface of pure noble metal and 
negligible oxide thereof in direct contact With said surface of 
the substrate. 

5. The process of claim 1, including establishing said 
interface region by ?rst creating either a nitric oxide or 
nitride of the metal or alloy thereof at said surface of the 
substrate to a thickness in a range from approximately 1 nm 
to approximately 500 nm, and then forming said noble metal 
oxide layer With said surface of pure noble metal and 
negligible oxide thereof overlying said nitric oxide or nitride 
of the metal or alloy thereof at said surface of the substrate. 

6. The process of claim 1, including establishing said 
interface region by ?rst creating an intermediate layer of 
either a nitric oxide or nitride of said noble metal to a 
thickness in a range from approximately 1 nm to approxi 
mately 500 nm overlying said surface of the substrate, and 
then forming said noble metal oxide layer With said surface 
of pure noble metal and negligible oxide thereof atop said 
intermediate layer. 

7. The process of claim 1, including forming said noble 
metal oxide layer to a thickness in a range from approxi 
mately 10 nm to approximately 1000 nm. 

8. The process of claim 1, Wherein said noble metal is 
iridium. 

9. The process of claim 8, Wherein said non-noble or 
less-noble metal is niobium. 
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10. The process of claim 8, Wherein said stent substrate is 
composed of a metal or alloy less noble than niobium. 

11. Aprocess for producing a coated stent, comprising the 
steps of forming a metal oxide region at a surface of the stent 
metal substrate; and providing a noble metal oxide layer 
atop said metal oxide substrate surface region, said layer 
progressively varying from a surface concentration of sub 
stantially 100% pure noble metal directly contacting said 
metal oxide substrate surface region to an opposite surface 
concentration of least noble metal; the surface region metal 
being non-noble or less-noble than said noble metal. 

12. The process of claim 11, Wherein said metal oxide 
surface region extends to a depth in a range from approxi 
mately 1 to approximately 500 nm into the substrate from 
said surface of the substrate. 

13. The process of claim 12, including forming said noble 
metal oxide layer to a thickness in a range from approxi 
mately 10 nm to approximately 1000 nm on said surface of 
the substrate. 

14. The process of claim 11, Wherein said noble metal is 
iridium. 

15. The process of claim 11, Wherein said substrate metal 
is either niobium or an alloy of niobium. 

16. A coated stent, comprising a metallic substrate; and a 
coating of an oxide of noble metal overlying a surface region 
of the substrate; said surface region being one of a 
substantially pure metal of lesser standing in the periodic 
table of elements than said noble metal, (ii) an alloy, oxide, 
nitride, or nitric oxide of said lesser metal, and (iii) a nitride 
or nitric oxide of said noble metal; said noble metal oxide 
coating progressively varying With thickness commencing at 
said surface region of the substrate, from a concentration of 
said noble metal of substantially 100% purity With negli 
gible amount of oxide and other constituents, and ending at 
an opposite surface of said coating With a concentration of 
the noble metal oxide of stoichiometric equilibrium. 

17. The coated stent of claim 16, Wherein said noble metal 
is iridium, and said lesser metal is selected from a group 
consisting of niobium and (ii) niobium alloyed With a 
trace of Zirconium, titanium or tantalum. 

18. The coated stent of claim 16, Wherein said surface 
region has a thickness in the range from approximately 1 nm 
to approximately 500 nm. 

19. The coated stent of claim 16, Wherein said noble metal 
oxide coating has a thickness in a range from approximately 
10 nm to approximately 1000 nm. 

20. A multi-layer stent, comprising: 

an open-ended tubular metallic sideWall adapted to be 
expanded from a relatively small diameter adapted for 
advancement of the stent through a patient’s body 
vessel to a deployment target site, to a relatively larger 
diameter for engaging the Wall of said vessel to main 
tain an open lumen at said site; 

an iridium oxide outer layer of said stent about the larger 
diameter surface of said sideWall; and 

an interface bonding region along said larger diameter 
surface of said sideWall and said surface of the iridium 
oxide layer closest thereto, consisting of one of an 
alloy, oxide, nitride, or nitric oxide of metal of said 
sideWall, and (ii) a nitride or nitric oxide of iridium; 
said sideWall metal being either non-noble or less noble 
than iridium. 
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21. The multi-layer stent of claim 20, wherein said 
sidewall metal is one of niobium, (ii) niobium alloyed 
With a trace of Zirconium, titanium or tantalum, or (iii) a 
metal either non-noble or less noble than niobium. 

22. The multi-layer stent of claim 20, Wherein said 
interface bonding region has a thickness in a range from 
approximately 1 nm to approximately 500 nm. 

23. The multi-layer stent of claim 20, Wherein said iridium 
oxide layer has a thickness in a range from approximately 10 
nm to approximately 1000 nm. 
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24. A process for producing a stent coated With iridium 
oxide Where the stent metal is less noble than iridium, 
comprising the steps of coating the iridium oxide on an outer 
surface of the stent by forming an interface to enhance ?rm 
bonding Without corrosion betWeen the stent and the iridium 
oxide coating While preventing direct contact betWeen bare 
metal of the stent and any iridium oxide compound of the 
coating. 


